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Abstract 
Positron Emission Tomography (PET) plays an important role in clinical and many other scientific research fields 
and has been a hot research at present. Tomography reconstruction algorithm is a key component of PET, most PET 
use statistical iterative reconstruction algorithms from sinograms currently. However tomography reconstruction from 
list-mode data possesses many unique advantages, in recent years it has been paid great attention and is in the process 
of rapid development and improvement. In this paper, using experimental data of small animal PET scanner Eplus-
166, exploiting S-LMEM algorithm and orthogonal distance-based ray-tracer, we eventually achieve list-mode 
tomography reconstruction. The results demonstrate that image resolution recovery achieves the inherent properties 
of the scanner and on-the-fly ray-tracing methods for real-time system response matrix (SRM) calculation are feasible 
for dynamic reconstruction. Calculating precision of SRM is a key to resolution recovery. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
Positron emission tomography (PET) is a powerful tool non-invasively providing quantitative 
information of dynamic physiological and biochemical processes in vivo. Without changing the 
physiological conditions of the object, radioactive tracer is injected into the object, involved in its 
metabolism. When the tracer decays, it emits a positron, which travels a short distance before annihilating 
* Corresponding author. Tel.: +86-371-67766274; fax: +86-371-67766274. 
E-mail address: zhaosj@zzu.edu.cn. 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
3404  Zhang Bin et al. / Procedia Engineering 29 (2012) 3403 – 34072 Zhang Bin et al. / Procedia Engineeri g 00 (2011) 000–00  
with an electron, generating a pair of gamma rays which travel in nearly opposite directions with an 
energy of 511 keV each. A large number of Lines of response (LOR) can be ascertained by using 
coincidence detection technique, along which the annihilation took place. After correcting and filtering,
tomography reconstruction can be conducted, time series images of tracer concentration distribution can 
be generated, and then the metabolism in vivo can be observed. PET can implement quantitative detection 
of physiological processes at molecular level, being the most sensitive in all the existing imaging modes. 
As the key component of PET scanner, tomography reconstruction algorithm is of great importance to 
its performance and image quality. At present most of reconstruction algorithms use sinograms, which 
comes from rebinning and histogramming list-mode data generated by PET scanner. List-mode data store 
the measured events one-by-one in the form of a list and can preserve all of the measured attributes of the 
detected photon pairs. In fact, compared with sinograms, list-mode data owns many advantages.  
• First, list-mode data can ignore the uncounted LOR, leading to high efficiency of data storage and then 
improving reconstruction speed. It’s particularly favorable for image reconstruction in conditions of 
low statistical counts [1, 2]. 
• Second, list-mode data can easily contain energy, position, time of flight (TOF), and other additional 
information, and retain all of the spatial and temporal information. It is well known that TOF 
information can greatly improve image reconstruction quality [3], because it can significantly reduce 
the statistical noise and improve signal-to-noise ratio (SNR). But, it is very difficult to use TOF 
information in reconstruction algorithm based on sinograms.  
• Third, list-mode  reconstruction has high time resolution. The subsetizing for list-mode data can be 
performed very flexibly. It’s quite suitable for dynamic imaging [4, 5]. 
• Fourth, list-mode data may include respiratory-gated and ECG-gated information. It’s easy for 
implementing movement correction. 
In recent years, research on list-mode reconstruction algorithm has attracted great attention from 
researchers, and is in rapid process of development and improvement [1, 6]. 
2. List -mode reconstruction algorithm  
List-mode reconstruction algorithm mainly includes: list-mode expectation maximization algorithm 
(LMEM)[7]; ordinary subsetized list-mode EM algorithm (S-LMEM)[8]; convergent subsetized list-mode 
EM algorithm (CS-LMEM); hybrid S/CS list-mode EM algorithm[1,2]; the random subtraction list-mode 
EM algorithm including an image non-negativity constraint (RS-LMEM)[1,2]; accelerated list-mode EM 
algorithm using subsets in combination with a relaxation parameter [8]; one-pass list-mode expectation 
maximization (OPL-EM)[5] and so on. All of the above algorithms are based on statistical iterative 
method, with different characteristics. 
In practice, with the consideration of PET scanner characteristics, S-LMEM algorithm are mainly 
adopted. S-LMEM algorithm is shown in formula 1: 
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Where vj
k,l denote the estimated value of voxel j after lth sub-iteration in kth iteration; Sensitivity 
correction factor ∑== Ii ijj ps 1  is the probability of any emission from voxel j being detected anywhere, 
representing the sensitivity of any point in system field of view;  pij is  the probability of an emission from 
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voxel j being detected along LOR i; sl(l=1,…,L) refers to a subset; ∑ =Mj kjij vp1' ''  is the expected count at 
present image intensity, also known forward-projection. n is the number of the detected coincidence 
events in a subset; 
S-LMEM algorithm is variants of OSEM. In the algorithm, list-mode data is subdivided into a 
sequence of subsets, each subset spans a fraction of the total duration of the data. Each of them can be 
deemed as a lower-statistics scan, and naturally meet the requirement that maximum difference among 
subsets in OSEM. This algorithm does no converge at fixed point, because each subset sl is an 
independent Poisson process instance, each owns various maximum likelihood estimation value 
ls
λ~ .
3. System response matrix calculations 
A key problem in statistical reconstruction algorithm is calculating SRM, which establishes mapping 
relationship between the image and the projection space, as shown in formula 2: 
∑ = += Jj ijiji nvpp 1                                                                        (2)
where pi refers to the measured projection along LOR i(i=1,...,I); pij denotes the probability that a positron 
emission in voxel j (j = 1,...,J) results in the detection of a coincidence event along ith LOR; vj represents 
the original radioactivity distribution in voxel j and ni is the statistical noise in the projection. I and J are 
the total number of lines of response and the total number of image voxels, respectively. 
SRM can incorporate various physical effects, such as the particular system geometry, random 
coincidences, scatter, the attenuation in the subject, positron range, non-collinearity, crystal penetration, 
inter-crystal scatter and so on. In any case, the main factor of the SRM is the geometrical component. Due 
to the intrinsically LOR-based nature of list-mode reconstruction, which must be performed event by 
event, computing the elements of the SRM on the fly is particularly well suited for it. In this case, in order 
to improve computational efficiency, only geometry effect is considered.  
Geometric effect calculation is implemented through analytical methods, which mainly include Siddon 
algorithm, bilinear interpolation, trilinear interpolation and Wu anti-aliased algorithm. Siddon algorithm 
has higher efficiency but poor accuracy. Wu anti-aliased algorithm leads to better images than the Siddon 
algorithm, but also needs more computational cost[9,10].  
For these reasons, in practice, with the advantages both from Siddon algorithm and from Wu anti-
aliased algorithm, the orthogonal distance-based ray-tracer method (OD-RT), which mainly accounted for 
geometrical effects, has been implemented[11], as shown in formula 3: 
cFdp ijij /1−=                                                                                (3)
where dij refers to orthogonal distance between pixel center and LOR; F denotes full width at half 
maximum (FWHM) of point spread function; c is adjustment factor. 
4. Experiment equipment and materials 
Eplus-166 is the first small animal PET with independent intellectual property right in China 
developed and fabricated by Institute of High Energy Physics, Chinese Academy of Sciences. This 
scanner consists of 16 modules, arranged in a regular hexadecagon. Each module is made up of two 
blocks in axial arrangement; each block contains 16×16 LYSO crystals. Each crystal is in size of 1.9 
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mm×1.9 mm×10 mm. In order to improve the light collection efficiency, the gap between the crystals is 
filled with reflective material, resulting in detector size of 2.0 mm×2.0 mm both along the axial and 
transaxial direction. The entire PET forms 32 detector rings. Axial length is 64 mm. Eplus-166 structure 
is illustrated in fig.1, and table 1 describes its main parameters [11]. 
A self-made Derenzo phantom was used for algorithm verification. The phantom contains capillaries. 
Their diameters are 1.4, 1.6, 1.9, 2.2, 2.5 and 3.0 mm, arranged in six sectors respectively. The distance 
between capillaries centers is twice of the diamete. The phantom was filled with 18F-FDG and scanned on 
the Eplus-166 system. After acquired data were corrected for normalization, scatter and attenuation, list-
mode iterative reconstruction was executed.
Table 1. Eplus -166 System Parameters 
Description Value 
ring diameter 166mm 
detector ring 32 
crystals /ring 256 
crystal size 1.9×1.9×10mm3
transaxial field of view    110mm 
axial field of view 64mm 
maximum ring difference 31 
=1
59
.87
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Fig.1. Structure Schematic Diagram for Eplus-166  
5. Results and Analysis 
In this paper, we only implement 2D tomography reconstruction for algorithm verification. We mainly 
exploit S-MLEM algorithm to achieve image reconstruction, meanwhile adopting orthogonal distance-
based ray-tracer to calculate SRM on the fly. The variable cF in Equation (3) is respectively set to 1.5, 1.2, 
1, 0.8 and 0.5. 
We choose to use 1615130 coincidence events within 47th direct slice in experimental data. These 
events are divided into 32 subsets, with about 50000 events in each subset. Reconstruction result is shown 
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in Fig.2. It can be seen from reconstruction result that calculating precision of SRM can play a crucial 
role on resolution recovery. When using orthogonal distance-based ray-tracer to calculate SRM, properly 
selecting adjustment coefficient c is the key. FWHM (Full Width Half Maximum) of point spread 
function in Eplus-166’s center field-of-view is about 1.67 mm [11]. when cF approximately equal to 1, 
the effect is the best, clearly distinguishing 1.9 mm hot spot. We can also distinguish one from others 
among 1.6 mm hot spots. 
                       (a) 1.5                (b) 1.2                 (c) 1                  (d) 0.8                 (e) 0.5 
Fig.2. Comparison of image reconstruction result using S-MLEM (a) cF=1.5; (b) cF=1.2; (c) cF=1. (d) cF=0.8; (e) cF=0.5. 
Along with computer software and hardware technology development, after solving huge amount of 
calculation and storage problems gradually, fully 3D tomography reconstruction has become key and hot 
spot in PET. Our further work is to achieve fully 3D tomography reconstruction, which can be more 
reasonable and effective for using data. 
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